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We report a series of quantum-chemical calculations for the ground and some of the low-lying
excited states of an isolated LiYb molecule by the spin-orbit multistate complete active space
second-order perturbation theory (SO-MS-CASPT2). Potential energy curves, spectroscopic
constants, and transition dipole moments (TDMs) at both spin-free and spin-orbit levels are
obtained. Large spin-orbit effects especially in the TDMs of the molecular states dissociating to
Yb(? Py.1,) excited states are found. To ensure the reliability of our calculations, we test five types
of incremental basis sets and study their effect on the equilibrium distance and dissociation energy
of the ground state. We also compare CASPT2 and CCSD(T) results for the ground state
spectroscopic constants at the spin-free relativistic level. The discrepancies between the CASPT2
and CCSD(T) results are only 0.01 A in equilibrium bond distance (R,) and 200 cm™' in
dissociation energy (D,). Our CASPT?2 calculation in the supermolecular state (R=100 a.u.) with
the largest basis set reproduces experimental atomic excitation energies within 3% error. Transition
dipole moments of the super molecular state (R=100 a.u.) dissociating to Li(*P) excited states are
quite close to experimental atomic TDMs as compared to the Yb(*P) and Yb('P) excited states. The
information obtained from this work would be useful for ultracold photoassociation experiments on

LiYb. © 2010 American Institute of Physics. [doi:10.1063/1.3475568]

I. INTRODUCTION

Ultracold atomic quantum gases are very dilute systems
(typically below 103 cm™3). Nevertheless, interatomic inter-
actions determine many of the phenomena observed in
Bose-Einstein condensation,' ™ quantum degenerate Fermi
gases,4 and other correlated systems. Usually, only the short-
range isotropic contact interaction plays a role in quantum
degenerate gases. However, recent developments in the ma-
nipulation of cold atoms and molecules are paving the way
for the analysis of polar gases in which anisotropic long-
range dipole-dipole interatomic interactions’ are important.
Indeed, experiments6 on cooling and trapping of polar mol-
ecules as well as on photoassociation7 and on Feshbach
resonances™’ in binary mixtures of ultracold atoms have
opened up exciting possibilities. Many applications using po-
lar molecules, which have large anisotropic interactions,
have also been theoretically proposed.lo To study such long-
range interactions, an experiment is being planned for the
production of ultracold polar molecules from ultracold
lithium (Li) and ytterbium (Yb) atoms. ! Among the species
cooled so far to the ultracold regime, LiYb was chosen due
to its large mass ratio (My,/My;~29) among the constituent
species. The most important advantage of LiYb is the exis-
tence of a spin degree of freedom in the ground molecular
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state, which enables it to be implemented as quantum simu-
lator of lattice-spin models.'? The experiment13 on the simul-
taneous magneto-optical trapping of Li and Yb atoms for the
production of ultracold LiYb molecule and collisional ex-
periments are underway.

Photoassociation (PA) spectroscopy in ultracold atoms
has become one of the most powerful tools for high-
resolution molecular spectroscopy. In PA spectroscopy, a pair
of ultracold ground state atoms absorbs a photon and a mol-
ecule is created in a rovibrational level of an excited elec-
tronic state. Another photon transfers this rovibrational level
of the excited state to the electronic ground state with v=0,
through stimulated emission. The photoassociation laser for
this experiment is chosen in such a way that its frequency is
detuned to the S-P transition. This transition typically occurs
at large interatomic distances and the PA spectrum provides
crucial information about long-range interactions in mol-
ecules and the collisional properties of atoms, which are dif-
ficult to obtain by other conventional spectroscopic experi-
ments.

Preliminary theoretical studies based on quantum chem-
istry are very important to support the ongoing PA experi-
ments. First and foremost contribution of the theory is to
provide accurate and detailed potential energy curves (PECs)
and transition dipole moments (TDMs) for the ground and
low-lying excited states of LiYb at electronic levels. Based
on the reliable PECs and TDMs, we could consider rovibra-

© 2010 American Institute of Physics

Downloaded 02 Nov 2010 to 124.30.128.132. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions


http://dx.doi.org/10.1063/1.3475568
http://dx.doi.org/10.1063/1.3475568
http://dx.doi.org/10.1063/1.3475568

124317-2 Gopakumar et al.

tional or scattering wave functions further, which are more
concrete and important to decide the type of laser for PA
transition in experiments. Determination of the permanent
dipole moment (PDM) of the ground (v=0) state is also an
important requisite as an indicator of the strength of the di-
polar interactions in these systems.

This paper is devoted to calculating reliable PECs and
TDMs of the ground and low-lying excited states of LiYb.
Note here that the electronic ground-state configuration of
Li(®S,,) is (15)%(25)'(2p)° and that of Yb('S,) is [Xe-core]
(4£)'(65)*(6p)°. We have included all the electronic states
which dissociate to  Li(*S;,)+Yb('S,), Li(2P1/2,3/2)
+Yb('Sy), Li(*S,/,)+ Yb(°Py ), and Li(*S;,,)+ Yb('P,) be-
cause they are the candidate states of S-P transition in PA
experiments in LiYb. The LiYb molecular bond in the
ground state is very weak because of the closed shell struc-
ture of Yb 6s orbital and hence, we need to use an appropri-
ate method for carrying out calculations on this molecule.
There is experimental data on LiYb system using mass
spectlrometlry,14 but it only provides ground state spectro-
scopic constants and further work including information on
the excited states are necessary. The spin-orbit (SO) effect,
which is relativistic in origin, is also expected to be impor-
tant especially for higher excited states, since Yb is a heavy
element (atomic number 70). Hence, we adopted the com-
plete active space second-order perturbation theory
(CASPT2) method considering both spin-free (SF) and spin-
orbit relativistic effects using MOLCAS software."” This tech-
nique, SO-CASPT2, is nowadays widely applied and gives
satisfactory results for small molecules with heavy
elements.'®

To confirm the reliability of the CASPT2 method for
LiYDb, we first calculated the ground state spectroscopic con-
stants by the CCSD(T) method and compared with the
CASPT2 results within the spin-free relativistic framework.
We also investigated the basis set dependence of the spectro-
scopic constants of the ground state, using various sizes of
relativistic correlation-consistent atomic natural orbital
(RCC-ANO) basis sets.!” As we discuss in Sec. III A, the
largest RCC-ANO basis set is found to be important to de-
scribe the shallow potential curve of the ground state of
LiYDb. The difference between the CASPT2 and CCSD(T)
results in the spectroscopic constants is acceptably small
with this largest basis set. Based on this result, we have
calculated multielectronic states with the SO-CASPT2
method and proposed theoretical spectroscopic constants.
Supermolecular calculations (Rp;y,=100 a.u.) by the SO-
CASPT2 method reproduce experimental atomic excitation

TABLE I. Incremental basis set used in the systematic study of the ground
state LiYb molecule.

Name of the basis Li RCC-ANO Yb RCC-ANO
in the text 12511p8d7f4g2h 25s22p15d11f4g2h
Basis 1 Ss4pdlf 8sTp4d3f2glh
Basis 2 Ss4p2d1f 9s8pS5daf3g2h
Basis 3 Ss4p2dl1f 10s9p6d5f4g2h
Basis 4 8sTp4d2f 11s10p7d6f4g2h
Basis 5 8sTp4d2f 12s11p8d7f4g2h
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energies18 of Yb and Li within 3%. We also computed and
analyzed TDMs between the ground and the excited states as
functions of nuclear distance at spin-free and spin-orbit level.
PDM values of the ground state at the equilibrium nuclear
distance both at spin-free and spin-orbit levels are also
presented.

Il. CALCULATION DETAILS

For all the calculations throughout this study, we em-
ployed MOLCAS 7.2 version code."” We used C,, point group
for symmetry considerations. Scalar relativistic effects are
taken through the third order Douglas—Kroll-Hess
(DKH)I()’ZO transformation of the relativistic Hamiltonian.

We have calculated the equilibrium bond distance (R,)
and dissociation energy (D,) of the LiYb ground state using
open-shell Mgller—Plesset second order perturbation theory
(MP2),?' coupled cluster singles and doubles with partial
triples (CCSD(T)), and CASPT2 methods to investigate how
electron correlation is important for this system. In both
open-shell MP2 and CCSD(T) calculations, all the core elec-
trons below Yb (4d) are frozen and hence the excitations are
considered from Li 1s and 2s and Yb 5s, 5p, 4f, and 6s
orbitals. For CASSCF and CASPT2, the CAS space is con-
sidered as all possible excitations of three electrons from/to
eight space orbitals, which mainly belong to Li 2s and 2p
and Yb 6s and 6p atomic orbitals. Frozen core orbital space
in CASPT2 is same as the space of open-shell MP2 and
CCSD(T).

The all electron relativistic correlation consistent basis
set (RCC-ANO) is used for the calculations. The Yb and Li
basis sets are contracted from the primitives
Yb(25522p15d11f4g2h) and Li(1459p4d3f1g). Basis set de-
pendence in conjugation with basis set convergence are stud-
ied by employing five different basis sets as tabulated in
Table 1. We start with a triple =zeta quality
(Yb:8s7p4d3f2glh and Li:5s4p2d1f) and increment them
leading to the largest basis available in the basis set library.
Throughout this paper, we will be pointing to the basis sets
in numbers in ascending order. For Yb atom, all the symme-
tries (s, p, d, and f) except g and h are incremented step by
step from basis 1 to 5. For Li atom, we have used two dif-
ferent kinds of basis: 5s4p2d1f (basis 1 to 3) and 8s7p4d2f
(basis 4 to 5). The largest basis set in total has 255 basis
functions. We also check basis set super position error
(BSSE) using the counterpoise correction (CPC) method. For
these calculations, spin-orbit effects are neglected. To obtain
R, and D,, the ground state molecular potential curve is fitted
with a third order polynomial using five points (0.05 a.u.
spacing) around the equilibrium distance. Calculations of su-
permolecular system with 100 a.u. of Li—Yb bond distance
are compared with atomic limit (Liygm+ Ybyem) calculations
as a check of the size consistency of the correlation methods
employed.

From the above methodological study on the ground
state LiYb, we selected the largest contraction type of RCC-
ANO as the most suitable basis set in this system. We em-

Downloaded 02 Nov 2010 to 124.30.128.132. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



124317-3 Relativistic calculations of LiYb

ployed CASSCF/CASPT2 method as a suitable electron cor-
relation method to describe multielectronic states of LiYb
system. We obtained state averaged (SA) CASSCF wave
functions with the following root numbers in the irreducible
representations (irreps) of C,, with doublet and quartet spin
states: 2A;:3, ?B;:2, ?B,:2, 2A,:0, *A;:1, *B,:1, *B,:1,
and 4A2:O. The numbers of roots in each of the irreps were
decided by considering only the states which dissociate to
Li(251/2)+Yb(lso), Li(2P1/2,3/2)+Yb(lso), and Li(ZSm)
+Yb(’Py, ,). Within each irrep, we used equivalent weight
for averaging. Energy levels of the 4 23 and the 3 “II state,
dissociating to Yb('P;), are calculated although these states
and are not included in the state-averaging process. Multi-
state (MS) CASPT2 method is employed with the above SA-
CASSCEF states with the following root numbers in the ir-
reps: 2A;:4, ’B:3, ?B,:3, ?A,:0, *A;: 1, “B;: 1, *B;: 1, and
*A,:0. The correlation space for the CASSCF/CASPT?2 cal-
culation is same as the previous study of the ground state.
The standard IPEA-HO Hamiltonian™ is used in CASPT2.
We also used imaginary shift® (0.1 hartree) to remove the
spikes from the CASPT2 potential energy curves. First-order
spin-orbit effects are perturbatively considered using the
DKH transformation with the atomic mean field integrals.24
All the states obtained in the CASSCF/CASPT?2 are taken
into account for the spin-orbit interaction using the restricted
active space state interaction (RASSI) method. We evaluated
equilibrium bond distance (R,), harmonic frequency (w,), ro-
tational constant (B,), dissociation energy (D, and D), and
transition energy (T,) for the several low-lying states using
the VIBROT program in MOLCAS. Starting from the near bind-
ing region (4.0 a.u.) to dissociation region (100 a.u.), we
used a wide range of interatomic distances. Especially near
the binding regions, 0.05 a.u. grid spacing is used to get
accurate spectroscopic constants.

TDM and PDM calculations both at spin-free and spin-
orbit levels based on the above potential energy curves are
computed from the CASSCF wave functions. To check the
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accuracy of the PDM value at the equilibrium internuclear
distance, we computed PDM at CASPT2 and CCSD(T) level
of correlation invoking finite field perturbation theory
(FFPT) with 0.0001 a.u. external field strength.

lll. RESULTS AND DISCUSSION

A. Methodological study of ground state LiYb
molecule

Table IT shows bond length (R,) and dissociation energy
(D,) values at various correlation levels with and without
CPC. When we look at the data without CPC, the largest
differences in R, and D, among all the basis sets are 0.28 A
and 1100 cm™' at open-shell MP2, 0.18 A, and 1300 cm™'
at CCSD(T), and 0.18 A and 1300 cm™' at CASPT2. In all
the correlation methods, the R, and D, difference between
basis 4 and 5 is much smaller than the corresponding differ-
ence between basis 1 and 2. At both CCSD(T) and CASPT2
level of correlation, the difference in D, between basis 1 and
2 is about 700 cm™' and it converges to 200 cm™! for basis
4 and 5. At the same time, the convergence in R, is much
steeper with 0.11 A between basis 1 and 2 and 0.02 A be-
tween basis 4 and 5. These results indicate that the calcula-
tions using basis 5 are almost converged to the basis set
limit. When we compare with and without CPC data in Table
II, we can also understand how large the BSSE is in each
method and basis set. BSSE is quite large in all the correla-
tion calculations especially for smaller basis sets. For both
CCSD(T) and CASPT2 calculations using basis 1, the D,
value without CPC is about twice larger than the one with
CPC. However, using the biggest basis set (basis 5), the dif-
ference with and without CPC in D, value becomes quite
small; about 60 cm™' at CCSD(T) and 110 cm™! at CASPT2
level of calculations. Similar to D, value, the difference in R,
value with and without CPC using the biggest basis is quite
small (0.012 A) in both CCSD(T) and CASPT2 methods.
From these results, we consider using basis 5 is important for

TABLE II. Equilibrium bond distance R, and dissociation energy D, calculated in the supermolecule and the
atomic limit of LiYb at open-shell MP2, CCSD(T), and CASPT?2 levels of correlation. BSSE corrected R, and

D, by the CPC are also listed.

Super molecular  Atomic  Super molecular Atomic
R, R,(CPC) limit D, limit D,  limit D,(CPC)  limit D,(CPC)

Method Basis  (A) A) (em™) (cm™) (ecm™) (em™)
Open-shell MP2 1 3480  3.846 1909.90 1909.91 548.55 548.55
2 3.636  3.812 1248.55 1248.55 598.56 598.55

3 3.714  3.809 969.55 969.54 638.19 638.19

4 3.701 3.785 952.34 952.34 699.39 699.38

5 3755  3.780 765.89 765.88 705.90 705.90

CCSD(T) 1 3.361 3.564 2808.30 2808.30 1278.34 1278.34
2 3472 3.564 2038.72 2038.72 1330.53 1330.53

3 3.517  3.563 1741.41 1741.40 1390.58 1390.57

4 3518  3.553 1722.15 1722.16 1463.09 1463.09

5 3.541 3.553 1531.72 1531.72 1473.79 1473.78

CASPT2 1 3352 3.557 2748.97 2826.52 1303.60 1381.17
2 3.461 3.558 2057.67 2127.29 1349.87 1419.53

3 3.508  3.558 1701.26 1886.86 1286.03 1471.52

4 3.511 3.511 1641.04 1852.45 1637.74 1849.05

5 3.535  3.547 1377.28 1321.45 1277.41 1218.77
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our further calculations of multielectronic states of LiYb.
Also note that basis 5 is the largest RCC-ANO basis set
distributed in MOLCAS.

The CASPT?2 and CCSD(T) results show similar trend in
bond length and dissociation energy, but the open-shell MP2
results show larger bond length and smaller dissociation en-
ergy than the CASPT2 and CCSD(T) ones. Also, the differ-
ence between CASPT2 and open-shell MP2 results indicates
that taking an enough number of orbitals in CAS is essential
and improves the description for electron correlation even
for the ground state of LiYb. In principle, ground state of
LiYDb can be written with a single configuration in the whole
region of the potential curve. This approximation is valid
because LiYb dissociates to the ground state of Yb atom with
a closed shell (6s)? and the ground state of Li atom with an
open shell (2s)'. Therefore, single reference correlation
methods are qualitatively correct in this case and CCSD(T) is
the most accurate and reliable method in the present calcu-
lations. CASPT?2 provides similar values of CCSD(T) in our
work: the deviations are only about 0.01 A in R, and
200 cm™!' in D,. Noting the deviations to be acceptably
small, we consider that CASPT2 also can provide accurate
description for this system.

At the open-shell MP2, and CCSD(T) level, the value of
D, of the supermolecule Li-Yb with 100 a.u. internuclear
distance is almost same as that of atomic limit Li+Yb be-
cause they are size-extensive methods. CASPT2 is known to
provide almost size-consistent results.”” Also in our CASPT2
calculations, the deviation between the atomic limit and su-
permolecule in the D, value is about 50 cm™' and reason-
ably small. Although, CCSD(T) is the most accurate method
in this framework, it is not applicable for excited states of
LiYb. Hence, instead of CCSD(T), we chose CASPT2 for
the description of the multielectronic states for further calcu-
lations, as a reliable alternative of CCSD(T).

B. Potential energy curves and spectroscopic
constants of the SF- and SO-CASPT2 calculations

Figures 1 and 2 represent the PECs of the LiYb ground
and excited states at the spin-free and spin-orbit CASPT2
levels. In this calculation, we used basis 5 and neglected the
BSSE effect since the corrections are negligible using basis
5, as shown in Sec. III A. For the spin-free level, we give
term assignments for each PEC in Fig. 2 and here we explain
the terms in Fig. 2 at the spin-orbit () level in detail. The
molecular ground state ((0=1/2) dissociates to the atomic
ground states of Li(*S;,,) and Yb('S). The lowest three mo-
lecular excited states (two 1=1/2 and one )=3/2) dissoci-
ate to the Li(*Py,53,,)+ Yb('Sy) level, which corresponds to
the first excitation of Li atom. Next five Q=1/2, three
0=3/2, and one Q=5/2 states dissociate to Li(>S;,)
+Yb(’Py ,) and highest two Q=1/2 and one (1=3/2 states
dissociate to Li(>S;,)+ Yb('P,). Thus there are, in total, ten
0=1/2, five 1=3/2, and one 1=5/2 states at the spin-orbit
level, which dissociate to the excitations of Li 2s-2p and
Yb 6s-6p orbitals. Examining the spin-free and spin-orbit
potential energy curves, we find the structure to be similar
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FIG. 1. Potential energy curves of low-lying states of LiYb molecule at the
spin-free CASPT2 level. All the states are represented as following: (blue
and red full lines) doublet and quartet 3 states and (blue and red dotted
lines) doublet and quartet IT states.

except for the states dissociating to Yb(’P) state, which
shows more complicated levels due to spin-orbit effect.

The corresponding spin-free and spin-orbit spectroscopic
constants are tabulated in Tables III and I'V. Note that there is
an experiment showing ground state spectroscopic constants
of LiYb (R,=2.920 A, Dy=2792.02 cm™!, and
w,=354 cm™)."* However, the present spin-orbit CASPT2
calculations provides somewhat different values such as
R,=3.529 A, Dy=1421.96 cm™', and w,=135.54 cm™.
The deviations between the experimental and theoretical val-
ues are to be analyzed more. Further experiments based on
different techniques may be quite helpful for the discussion.
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FIG. 2. Potential energy curves of low-lying states of LiYb molecule at the
SO-CASPT?2 level. Different () states are represented as following: (blue
full lines) Q=1/2; (red dashed lines) 2=3/2; and (green dotted lines)
0=5/2 states.

Downloaded 02 Nov 2010 to 124.30.128.132. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



124317-5 Relativistic calculations of LiYb

J. Chem. Phys. 133, 124317 (2010)

TABLE III. Equilibrium bond distance R,, dissociation energy (D, and D), adiabatic excitation energy 7,
harmonic frequency w,, and rotational constant B, of the lowest nine energy levels by spin-free MS-CASPT2
calculation. A dense grid of 0.05 a.u. spacing around the equilibrium distance is used for fitting the potential
curves. Supermolecular states with the bond length 100 a.u. are used to obtain dissociation energies.

R, D, D, w, B, T,
MS-CASPT2 (A-S) (A) (cm™) (cm™) (cm™) (cm™) (ecm™)
123 3.535 1477.61 1409.86 134.81 0.1975 e
1710 2919 10 700.55 10 700.55 288.93 0.2924 5911.46
272, 3473 5480.53 5392.62 176.77 0.2068 10 782.63
3% 3.641 5548.29 5499.89 97.67 0.1966 14 775.69
2701 3.127 5522.48 5401.49 241.50 0.2541 14 388.11
1411 3.318 3940.82 3844.04 193.83 0.2260 16 304.75
143 4.494 453.28 428.28 49.10 0.1198 19 890.69
4723 3.239 7852.61 7657.42 389.81 0.2386 18 716.52
3701 3418 1557.46 1440.51 233.28 0.2140 25173.37

The spectroscopic parameters for the four lowest states
both at the spin-orbit and spin-free level are comparable and
are attributed to weak spin-orbit effect from Li (*Py, 3,) and
Yb('S,) channels. In Fig. 1, the ground state shows a weaker
bonding structure (larger R, and smaller D,) than the excited
states dissociating to the first excited states of Li atom. This
tendency can be explained from singly occupied molecular
orbital (SOMO) nature in each state. By examining the
CASSCF MO, we found that the SOMO of the ground state
is a weak antibonding orbital, mainly consisting of Yb (6s)
and Yb (2s) atomic orbitals. Contrary, the SOMO of the
excited states corresponding to 1 *IT and 2 23 in spin-free
notation are both nonbonding orbitals, consisting of only Yb
(6px) and Li (2pz) atomic orbital, respectively. Since an an-
tibonding orbital tends to expand compared to a nonbonding
orbital, the trend of the SOMOs, we analyzed matches the
potential energy curve characters.

All the other excited states higher than the four lowest
states have more complex structure. One striking example of

complicated potential curve is the fourth excited Q=1/2
state, which is showing a double minimum at the spin-orbit
level. This effect is due to the strong coupling between the
fourth and fifth 1/2 state arising from 3 >3 and 2 *II states.
This effect is seen as a change in the R, value with and
without spin-orbit effects as R,=3.641 A (at the spin-free
level), changing to R,=3.128 A and R,=3.386 A for the
fourth and fifth 1/2 states. The second 3/2 state has similar
spectroscopic constant as that of the 2 T state as expected.
The higher states (the sixth and seventh 1/2 state, third 3/2
state, and first 5/2 state) all arise from 1 ‘I spin-free state
and hence have comparable spectroscopic constants. The
fourth 3/2 state arising from 1 *3 spin-free state is also a
shallow potential at spin-orbit level of calculation. All the
other higher excited states leading to Li(*S,,,)+ Yb('P,) con-
sidered in the above calculation may not be accurate because
we disregarded the excited states arising from excitations of
4f-5d and 6s-5d electrons which should lie below 'P; of Yb
atom.

TABLE IV. Equilibrium bond distance R,, dissociation energy (D, and D,), adiabatic excitation energy 7,
harmonic frequency w,, and rotational constant B, of the low-lying energy levels by spin-orbit CASPT2-
RASSI-SO calculation. A dense grid of 0.05 a.u. spacing around the equilibrium distance is used for the fit.
Supermolecular states with the bond length 100 a.u. are used to obtain dissociation energies.

Spin-orbit term R, D, D, , B, T,
Q (A) (em™) (em™) (em™) (em™) (em™)
172 3.529 1489.71 1421.96 135.54 0.1982
12 2919 10 602.96 10 457.78 290.32 0.2912 5672.24
32 2.925 10 461.01 10317.44 287.53 0.2912 6171.54
172 3.467 5822.51 5733.79 178.38 0.2076 10 802.6
12 3.128 4828.03 4710.28 236.51 0.2536 14 136.15
12 3.386 4610.26 4535.25 150.10 0.2266 14 833.63
32 3.127 4907.08 4785.29 24271 0.2544 14 639.84
172 3.310 3576.26 3483.51 186.26 0.2266 16 022.51
32 3.316 4210.21 4112.62 195.47 0.2263 16 410.97
52 3.313 4198.11 4099.71 197.08 0.2267 16 632.86
12 3.309 4646.56 4550.58 192.39 0.2268 16215.43
3/2 4.304 870.27 831.56 77.18 0.1334 19 985.29
12 3.241 2122.04 1927.66 389.38 0.2383 18 752.30
12 3.597 6120.94 57717.35 687.72 0.1985 20 557.67
32 3.413 1694.57 1576.01 237.23 0.2146 25151.20
172 3.425 1601.82 1488.09 227.26 0.2129 25248.43
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TABLE V. Low-lying atomic excitation energies of Li and Yb calculated from supermolecular LiYb states
(R=100 a.u.) at the SO-CASPT?2 level of calculation.

Theory Expt.” Difference Error from expt.

0 (ecm™) (em™) (ecm™) (%) Dissociation channels
12 Li(251/2)+Yb(ISO)
12 14 783.28 14 903.62 —120.34 0.8 Li(*Py,) + Yb('S,)
12 15 130.04 14 903.96 226.08 1.5 Li(*P5,)+Yb('S,)
32 15 141.09 14 903.96 237.13 1.6

172 17 471.76 17 288.44 183.32 0.2 Li(3S,,,)+ Yb(*Py)
12 17 951.69 17 992.01 —40.32 0.3 Li(’S,,)+Yb(’P))
32 18 007.24 17 992.01 62.24 0.6

172 18 107.24 17 992.01 115.23 29

32 19 128.35 19710.39 —582.04 1.9 Li(3S,,)+ Yb(’P,)
512 19 339.56 19 710.39 —370.83 1.8

32 19 363.20 19710.39 —347.19 1.8

172 19 369.55 19710.39 —340.84 1.7

12 19 381.69 19 710.39 —328.70 1.7

12 25231.76 25 068.22 163.54 0.7 Li(’S,,,)+Yb('P))
32 25 366.30 25 068.22 298.08 12

172 25370.59 25 068.22 302.37 1.2

“Reference 18.

In Table V, excitation energies calculated at 100 a.u.
bond distance are compared with the experimental atomic
excitation energies as a check of the dissociation limits. Our
asymptotic energy levels show a slight deviation from degen-
eracy; about 10 cm™' for Li 2P3/2, 50 cm™' for Yb 3P1,
250 cm™' for Yb *P,, and 140 cm™' for Yb 'P,. These are
artificial errors resulting from using lower symmetry (C,,)
instead of real symmetry (C.,) of the system. Errors from
the experimental data'® are also listed in Table V and they
are reasonably small as follows. All the energy levels ob-
tained by excitations from Li atom (three levels) are found to
be accurate to 1.3% (200 cm™'). The *P,  , excited levels
from Yb atom have a range of accuracies among the nine
excited states from 0.22% to 2.9% (150 to 260 cm™!). The
higher excited states with 'P; dissociation limits (three ex-
cited states) are accurate to around 1% (140 cm™").

1

C. Transition dipole moments from ground to excited 3>

states £ 321& Li(*S) + Yb('P)

3 Lec==a -

Figure 3 presents TDMs from the ground state (1 23) to 3

all the excited states as functions of nuclear distance at the ‘:%2,5

spin-free level. All the transitions to *S. and *I1 states do not é """"

appear as they are spin forbidden. In molecular binding re- g 2

gions, transitions to all the excited 2> and 11 states are %

nonzero, whereas in atomic regions, TDM matrix elements ._5*1.5

are nonzero only for the states dissociating to Li(*P) g

+Yb('S) and Li(’S)+Yb('P). This result is consistent with LR

the atomic selection rules which forbid transitions from sin- §

glet to triplet states. Some of the TDM curves showed sud- Tos

den jumps around 5.6 A. This unsmooth structure in the

TDM curve around R=5.6 A is due to change in the main 0 -

component of the singly occupied molecular orbital from Yb
(65) to Yb (6pz).

In Figs. 4(a)-4(c), the spin-orbit TDM functions from
the ground (Q2=1/2) to excited states dissociating to Li(*P)
+Yb('S), Li(®*S)+Yb(*P), and Li(>S)+Yb('P) are repre-

sented, respectively. We also draw the corresponding spin-
free TDM functions in gray color in Fig. 4 for reference. We
only described the absolute values of () in each figure be-
cause we could not specify sign of ) in the present analysis.

In Fig. 4(a), the second (=1/2 and first {}=3/2 states
correspond to the spin-orbit splitting of 1 IT state, and the
third Q=1/2 state correspond to 2 °3 state. The similarity
between the spin-free and spin-orbit curve is evident as ex-
pected from the analysis of the potential energy curves of
these states. The spin-orbit TDM functions in Fig. 4(b) is
more complicated than the functions in Fig. 4(a). This com-
plication arise due to the existence of quartet states in this
dissociation limit [Li(>S)+Yb(*P)]. This in turn leads to a
large number of states with nonzero TDM value via spin-

6 8 10
R (A)

FIG. 3. Transition dipole moments from ground to excited states at spin-free
CASSCEF level of calculation. All the states are represented as following:
(full lines) doublet 3 to X and (dashed lines) doublet 3. to II states.
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FIG. 4. Transition dipole moments from ground to excited states at spin-
orbit CASSCEF level of calculation considering only the states dissociating to
(a) Yb('S)+Li(’P), (b) Li(®S)+Yb(*P), and (c) Li(*S)+Yb('P) limits. Dif-
ferent ) states are represented as follows: (full lines) 0=1/2; and (dashed
lines) (1=3/2 states. The spin-free TDM curves (wide gray lines) dissocat-
ing to the corresponding limit is also added to the respective graph for
comparison.

orbit coupling. In Fig. 4(b), we have assigned () value only
for major states with large value of TDMs, since the rest of
states are too complicated to be analyzed. Although the TDM
curves at the spin-free level (3 °S and 2 *IT) asymptotically
goes to zero at the atomic limit, we find TDMs to be nonzero
at spin-orbit level for the second =3/2, fifth, and sixth
Q) =1/2 TDM curves. These nonzero TDM functions at large

J. Chem. Phys. 133, 124317 (2010)

internuclear distance arise because of the spin-orbit interac-
tion between the 'P, and °P; atomic components. In Fig.
4(c), the spin-free and spin-orbit curves are almost identical.
However, TDM functions in Fig. 4(c) may be less accurate as
we have disregarded the intermediate states dissociating to
Yb(®D) limit in this work.

The accuracy of our TDM calculations are checked by
comparing the results at dissociated regions (R=100 a.u.)
with available experimental and theoretical atomic data of
TDM. For Li atomic (2s-2p) transition, our calculated TDM
value (2.362 a.u.) is quite close to the experimental counter-
part (2.36 a.u.).”® For Yb atomic 3P, ((656p)-"Sy(652)) tran-
sition, our calculated TDM value (0.146 a.u.) is reasonably
comparable with the high accuracy atomic calculations
(0.310 a.u.) (Ref. 27) and experimental results (0.315 a.u.).”®
For atomic Yb('P;(656p)-'Sy(6s2)) transition, our calculated
TDM value (2.989 a.u.) corresponds to available experimen-
tal data (2.32 a.u.) (Ref. 29) and high accuracy calculations
(2.54 au.).”’

Finally, we briefly mention the calculated values of PDM
of the ground state at equilibrium internuclear distance. The
PDM value is important in finding the strength of the long
range dipole-dipole forces. The computed PDM at the spin-
free CASSCF level is 0.149 D (1D=3.336X 1073 cm) at
the equilibrium internuclear distance (R,=3.535 A). With
spin-orbit effect the PDM change is very small and it is
around 0.152 D at R,=3.529 A. In comparison with other
polar molecules such as KRb (Ref. 30) and RbCs,>! PDM of
LiYD is found to be very small. Expecting a change in PDM
at higher correlation levels for a small value like this, we
computed PDM for LiYb system using higher level of cor-
relation methods such as CASPT2 and CCSD(T). The com-
puted PDM at spin-free CASPT2 (—0.447 D at
R,=3.535 A) and CCSD(T) (—0.110 D at R,=3.541 A) lev-
els by invoking FFPT turns out to be negative values in
comparison with spin-free CASSCF level of calculation.
However, the absolute PDM values are still very small and
are of same order at different correlation levels.

IV. CONCLUSIONS

To assist the ongoing photoassociation experiments on
LiYD system, we have computed the ground and several low-
lying excited states using ab initio quasirelativistic molecular
orbital method. Starting from the spin-free third-order DKH
Hamiltonian, we first examined the convergence of ground
state dissociation energy and equilibrium bond length with
five different contracted basis sets in RCC-ANO series. With
these incremental basis sets for open-shell MP2, CCSD(T),
and CASPT2, we found that the ground state dissociation
energy converges with the increase in the basis set size. For
the largest basis (basis 5), the CASPT2 and CCSD(T) meth-
ods provided results that are reasonably close to each other in
the ground state. Hence, the potential energy curves includ-
ing excited states were generated using basis 5, including
spin-free and spin-orbit effects at the CASPT2 level. The
spectroscopic constants of the ground and excited states are
also proposed at the spin-free and spin-orbit level. The accu-
racy of the excited states calculation was confirmed by find-
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ing the dissociation channels and comparing them with ex-
perimental atomic energies. All the calculated energy levels
corresponding to Li or Yb atomic excitations are found to be
accurate with less than 3% error. Permanent dipole moment
of the ground state (~0.15 D) at the equilibrium internu-
clear distance is found to be small in magnitude. The small
value of PDM in the ground state LiYb may not be advan-
tageous for investigation of long range dipole-dipole forces.
Apart from that, we analyzed transition dipole moment func-
tions at both spin-free and spin-orbit levels. We obtained
satisfying agreements of our calculated TDM values with
available theoretical and experimental atomic results. The
present TDM functions are important for further calculations
of photoassociation intensities and spontaneous emission co-
efficients from/to the ground and excited electronic states
considering rovibrational states. This work is underway and
will be discussed in our future papers.
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